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Abstract-Experimental investigations on annular flow behaviour in two-phase (air/water) flow in horizontal pipe were conducted using 2-inch (0.0504m) with a total length of 28.68m closed loop system. The emphasis from the experiments were on pressure gradient, slip and interfacial friction factor in annular flow. For interfacial friction factor, the entrainment, gas quality, the droplets and slip mixture density values were obtained through the experimental results which were substituted to determine it. In all, effects of liquid velocity were felt, as increase in superficial liquid velocity, increases the interfacial friction factor and pressure gradient in annular flow in horizontal pipes. More so, increase in superficial gas velocity, reduces the interfacial friction factor. Thus, interfacial friction factor decreases with increases in superficial gas velocity, while the pressure gradient increases with increase in superficial liquid velocity. The lower the superficial liquid velocity, the higher the slip but the lower the pressure gradient. Likewise, the lower the superficial liquid velocity, the more ripple waves obtained while the higher the superficial liquid velocity, the more disturbance waves in annular flow in horizontal pipe from the experiments.
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I. INTRODUCTION
Annular flow is a complex flow regime, experienced in vertical and horizontal pipes in the oil and gas industry. Annular flow in horizontal pipes flow with high gas velocity at the core centre of the pipe with much impact of gravity leaving the circumferential liquid film on the internal walls of the pipe which drains down to the bottom of the pipe. Annular flow, represents a thick liquid film at the bottom that moves slowly on the internal pipe walls than the gas phase, [7] . In horizontal pipe, [9] presented pressure loss model in gas-liquid annular flow. The pressure loss was determined on three different sources with good performance based on wave actions in annular flow. The combined slow flow of the liquid at the bottom with the fast gas phase at the interface aids to increase the pressure gradient and wall shear stress in annular flow.
A. Pressure Gradient
Pressure gradient is used to account for pressure losses per unit distance travelled by fluids (two-phase or threephase flow) in the pipes. The effect of pressure losses could also propagate shear stress in the pipe with respect to liquid film thickness at the internal walls of the pipe in multiphase flow. Pressure gradient could be obtained from several empirical correlations and mechanistic models.
Among the correlations, [3] and [1] are more prominent in horizontal flow in pipes [3] on pressure gradient conducted experiment on two-phase using transparent acrylic pipe (1 and 1.5-inch) of 90ft long, with liquid and gas flow rates ranging from 0-30gal/min and 0-300Mscf/D respectively. From their experimental studies, pressure gradient correlation to predict flow at different pipe geometry was developed based on energy balance for fluid flowing between two end points as follows: (1) where, (2) (3) (4) where the HL which is, the liquid hold-up from [3] could be obtained from Table I depending on the flow regime. A developed correlation for pressure gradient in horizontal two-phase flow based on frictional energy losses having studied and compared certain correlations of pressure drops and holdup in horizontal flow was presented [1] . The pressure gradient could be mathematically expressed from the general equation in a simplified manner as: Uche Osokogwu (5) where the acceleration term is dependent on the flow pattern and the distribution of gas/liquid across the pipes. For stratified-smooth, stratified-wavy and annular flow, it is:
where,
B. Interfacial Friction Factor Analysis
The interfacial friction factor and interfacial shear stress were analysed in this study. The interface between the liquid phase and the gas phase represents the untapped action regions with more information that will progress the knowledge of flow behaviours with respect to wave characteristics in annular flow
The interfacial friction factor, predicts the friction energy loss on the interface based on the velocity of the fluid and the resistance to friction. The interfacial friction factors in this study, were presented from the experiments using the following equations from [6] : (9) where (interfacial shear stress)
and (12) and,
where e is entrainment, x is the gas quality, is the droplet, is the density of gas core, is gas core void fraction, is the slip mixture density, is the liquid density and is the cross-sectional average void fraction [6] . In determining the interfacial shear stress, equation (10) was used. The pressure gradient and the liquid film thickness (t), the entrainments (droplets) average void fraction were obtained from the experiments. In the calculation, the gas quality (x) was calculated from the expression as: (14) where Mg is the mass flow rate of the gas, ML is the mass flow rate of the liquid (Kg/s, or litre/seconds). The mass liquid and gas flow rates were obtained from the experiments.
II. MATERIAL AND METHOD
The experiments were conducted using a pipe with an internal diameter of 2-inch (0.0504m) at the Process Systems Engineering (PSE) Laboratory, Cranfield University. The 2-inch (0.0504m) pipeline test facility of 28.68m was a closed-loop system, where water inlet pipe was connected to the water tank and the outlet was also connected back to the same storage water tank.
On the flow loop were, 2 pairs of pressure transducers (Druck) with the upstream (T1) as (PMP 4070, S/N 2642126) and downstream (T2) as (PMP 4070, S/N 2630077) which were installed at 2.08m apart from one another. The essence of the difference was to observe the pressure behave immediately after the gas and sand entry points and the multiphase flow behaviour after symmetrically distribution of the fluids in the experiments. Other instruments installed were: light emission diode infrared sensor (LED), conductivity ring sensors of double pairs installed at 0.07m apart and two set of conductance probes also installed at 0.20m apart on the flow loop as shown in Fig. 1 . The air-line which was a 2-inch (0.0504m) has a delivery capacity of superficial gas velocity of 30m/s with air flowmeter, pressure transducers and temperature sensors also connected to it. The sand injection point to the sand sampling location (point) was 5.27m, while the sand injection point to the upstream conductance probe (S1) was 2.39m and to second probe downstream (S2) was 2.59m.
During the experiments, the water line is often open to flow to stabilize before the gas line through the second valve before the vortex air flowmeter. The air supplies were meter and the pressure similarly recorded with Pg while the temperature, also recorded as T1. These instruments were, connected to a Labview where the data were recorded. From  Fig. 1 , is the sketch of the 2-inch (0.0504m) pipe flow loop, with the instruments/lines representing the colours follows: The Red Line: Is for gas supply, The Blue Line: Is for water supply, The Pink Line: Represents the multiphase flow, while the Green Line: Is for sand/water mixture (slurry flow) from the sand hopper. The properties, ranges and their units used in the experiments are shown below in Table II . 
III. RESULTS AND DISCUSSION
In annular flow in horizontal pipe from the experiments conducted, it has been established that increase in superficial liquid and gas velocity, increases the pressure gradient. However, effect of superficial liquid velocity is shown on fig.1 as the higher the superficial liquid velocity, the higher the pressure gradient with respect to superficial gas velocity. Superficial liquid velocity of 0.0505m/s had the lest pressure gradient in average of 0.6970kPa/m compared to superficial liquid velocity of 0.1851m/s with an average pressure gradient of 2.1341kPa/m. (see Appendix). The graph of pressure gradient against superficial liquid velocity for 0.0505m/s as obtained from the experimental results, is presented in Fig. 3 : The results showed good performance with [1] and [3] correlations for annular flow in horizontal pipes. The experimental result of pressure gradient in Fig. 4 also matched with the correlations of [1] and [3] . It shows that pressure gradient increases with increase in superficial gas velocity and with increase in superficial liquid velocity. [1] and [3] . However, the slight decline from the pressure gradient from the experiments could be attributed to the fact that the wave reduces at that point hence less pressure losses were also recorded. It is an indication of less friction loss where the wave frequency was no longer increasing with increase in the superficial gas velocity. 
The further decline of the experimental pressure gradient plot compared to the predicted [1] and [3] was simply to show, that at high superficial gas velocity the pressure losses decreased as wave frequency, no longer impact on the changes hence a straight plan like-manner on the plot. The [1] and [3] over predicted the measured pressure gradient from the experiment. The performance graph of Fig. 8 clearly presented how preferably the predicted [1] and [3] matched the experimental pressure gradient. Except for the results of average superficial liquid velocities of 0.1355m/s and 0.1851m/s which slightly over estimated the measured pressure gradient results from Vsg 18m/s to 23m/s. Likewise, under estimated the measured pressure gradient results from 8m/s to 16m/s. The predictive correlations could match better in the case of Vsl=0.0505m/s, 0.0714m/s and 0.0903m/s. The reason is simply because the pressure gradients were not much because of low superficial liquid velocity hence much wave were also observed as seen in Fig. 12 and 13 compared to Fig. 14 and 15 with more disturbance waves. Higher slippage in fluid flow signifies resistance of the liquid phase in the pipeline. Therefore Fig. 9 , illustrates that in annular flow, more slippage occurs at low superficial liquid velocity. The film thickness is very thin therefore will create more wall shear stress, more wave but less interfacial shear stress in the flow hence the wave oscillation circle is short. Therefore, the pressure gradient will be low while the slip will be high as presented in Fig. 9 . Fig. 10 clearly shows that the interfacial friction factor decreases, with increase in superficial gas velocity in annular flow in horizontal pipes. More so, at lower superficial gas velocity, the interfacial friction factors were higher, but at higher superficial gas velocity, interfacial friction factors were lower as seen in Fig. 10 . The reason is because, more frictions were observed at low amplitude, with low superficial gas velocity that often creates high interfacial roughness of the gas and liquid phases on the surface of liquid film thickness in horizontal pipes. At very high amplitude with respect to high superficial gas velocity, there were interfacial transfer of mass, momentum and energy which result to more liquid entrainment in annular flow [2] . Fig. 10 . Interfacial friction factor against superficial gas velocity +20% -20% Fig. 11 illustrates that the higher the superficial liquid velocity with respect to gas velocity, the higher the interfacial friction factor and pressure gradient in annular flow in horizontal pipes. In annular flow in horizontal pipe as seen in Fig. 11 , the lower the superficial gas velocity, the higher the interfacial friction factor and the lower the pressure gradient. Meaning, interfacial friction factor decreases, with increases in superficial gas velocity, while the pressure gradient increases with increase in superficial liquid velocity. This is because as superficial liquid velocity increases, wave amplitude also increases hence more energy will be required from the gas phase for the waves [5] . However, as superficial gas velocity increases the waves become fewer and surface tension reduces, hence the decrease in interfacial friction factor. The graphs of Fig. 12 (a) and (b) for superficial liquid and gas velocities of 0.0508m/s and 10.0773m/s and that of 0.0501m/s and 23.2796m/s presents, the magnitude of wavelet signals at a given time and frequency. The dominant frequency is attributed to passage of gas bubbles in the flow, [4] . However, the wave signals are always much on the lower superficial liquid velocities. Fig. 12 (a) and (b) presents ripple waves with low amplitude and high frequency that contribute to interfacial shear stress [8] . They are low velocity, short-life time and non-coherent waves [2] . They promote pressure drop and roughness in annular flow. Further illustrations from the graph of Fig. 13 has proven that, at low superficial liquid velocity, the ripple wave effect is prominent. From Fig. 13 (a) & (b) , the waves were thickly dominant at an average liquid film thickness of 0.1892mm, while the waves were sparsely presented at an average liquid film thickness of 0.23mm, in all the flow conditions respectively. Water/air annular flow experiments were conducted with pressure gradient and interfacial friction factor as the bedrock of the investigations to progress the understanding of the flow in horizontal pipe. From the experiments, the measure data were used to determined slip, pressure gradient and interfacial friction factor with an average superficial gas velocity of 8m/s to 23m/s with superficial liquid velocity of 0.0505m/s to 0.1851m/s. This study has shown that increase in superficial liquid velocity increases pressure gradient with decrease in slips as superficial liquid velocity of 0.0505m/s in Fig. 9 had the highest slip compared to superficial liquid velocity of 0.1851m/s. This could be seen from the film thickness analysis of wavelet in Fig. 12 illustrating more film thickness strikes in proximity than in Fig. 14, meaning waves circles and distances were covered at shorter time in Fig.12 than in Fig.14 . This was the reason for lower pressure gradient in superficial liquid velocity of 0.0505m/s compared to 0.1851m/s with high pressure gradient. For superficial liquid velocity of 0.1851m/s, the film thickness strikes were not in proximity hence the higher-pressure gradient as the wave circles and distances takes longer time to be covered.
More so, the obtained pressure gradients from the experiments were plotted against predictive pressure gradients of [1] and [3] . From graph in fig.8 , the predictive pressure gradients predicted the measured pressure gradients better at lower superficial liquid velocity than at higher superficial liquid velocity of 0.1851m/s. 
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